An integrated design procedure which is composed of structural design, control design, and actuator locations design is proposed in this paper. First, a composite objective function, formed by a structural and a control objective, is optimized in steady state through the homogenization design method. Then an independent modal space control algorithm (IMSC) is performed on this optimal structure to reduce the dynamic response. Finally, to minimize the control force while still obtaining the same modal response for the controlled modes, the optimal choice for actuator locations is discussed.
Introduction
Structural vibration control, which has enormous applications in engineering, is an important consideration in the design of dynamic systems. During the past two decades, substantial effort has been made toward reducing the building cost of a structure, and then most of the modern structures have become much lighter, less stiff, and therefore more vulnerable to unexpected excessive external loads. In general, inherent damping of a flexible structure is very low. Thus, once oscillation has started, it will continue for a period without any large additionM energy input. A modern structural control concept is proposed to accomplish the dual purposes of making a structure as light as possible and keeping it away from the risk of external disturbances.
The design of an efficient structural control system is of fundamental interest to both structural and control engineers. Systematic approaches for both structural and control designs are receiving increased applications. However, these design techniques, for the most part, have been applied independently within the entire design process. Traditionally, the structural designer develops his design based on strength and stiffness requirements, and the control designer creates the control algorithm to reduce the dynamic response of a structure. The designer of active controls has little input in the evolution of the basic structural design, and the structural analyst's participation in control design is limited to providing the frequencies and mode shapes. However, there have been strong indications recently that cost as well as response improvement can be realized by designing the structure and controls simultaneously.
In work done by Bendsce and Rodrigues (1991) , Diaz and Kikuchi (1992) , Kamat et al. (1983) , and Rozvany and Zhou (1991) , only the structural optimization problems are studied without considering the control system effect. The structure *Part of this paper was presented in the First "~Vorld Congress of Structural and Multidiscipllnary Optimization (held in Goslar, Germany, May 28 -June 2, 1995).
is designed subject to some prescribed stiffness or strength requirements, and the structural engineers have no idea what will happen if they put an actuator in their design. How large will the control force be? How will engineers modify or change the design of the structure? It is not easy to answer these questions directly. In research studied by Balas (1978 Balas ( , 1979 , Rofooei and Tadjbakhsh (1993) , Soong (1990), and Yang et aI. (1987) , a control system is designed to improve the dynamic response of a given structure. The control engineers must find appropriate locations for actuators and use a lot of control energy to reduce the response of the structure. Furthermore, they do not know how to modify the structure which is suitable for control while still satisfying the structural design criterion (maximum stress or deformation). Thus, a simultaneous integrated design of structure and control system is proposed (see Hale et al. 1985; Miller and Shim 1987; Kajiwara et al. 1994) . These approaches are suitable for small dimensional problems because solving two point boundary value problems or Riccati equations is too expensive. Furthermore, if the final time of our objective function is not infinite, the optimal control gains will not be constant matrices over time, and then we must calculate and store the control gain matrices at every instant of time. The cost of computing and storage will be tremendous. Canfield and Meirovitch (1994) have proposed an objective designed in modal space. Good results are obtained if the structural response can be represented by only a few lowest modes.
The first objective of this paper is to design a structure giving consideration to the control effect, second, to devise a control algorithm to reduce the vibration without excessive stress value, and finally, to find a suitable actuator locations for additional modal control. The optimal structural design is completed through a homogenization design method while the steady state (S.S.) control force is obtained by the displacement feedback law. Control design for transient response is performed in the modal space; both classical and optimal controls are presented. Two structural dynamic responses will be compared. One is the static design structure using the approach proposed by Suzuki and Kikuchi (1991) . The other is the controlled structural design presented by Ou and Kikuchi (1996) . It is almost impossible to have an eff• cient structural control design without careful selection for actuator positions. However, this issue is ignored in most integrated structural control design. Some general studies for placement of actuators can be found in the papers by Johnson (1981) and Martin (1978) . An approach to selecting an optimal actuator location is proposed as a problem of minimization of the control forces.
Formulation of structural optimization
Shape and topology optimization using the homogenization design method has been quite successful recently (Suzuki and Kikuchi 1991; Diaz and Kikuchi 1992). Its original idea was introduced by Bendsce and Kikuchi (1988) . This method is based on the concept of optimizing the material distribution of infinitely many microscale voids in a perforated structure. The optimality criteria derived from the necessary conditions of minimizing the mean compliance are solved by an optimality criteria (OC) method. For simplicity, we assume that the microstructure is defined by three design variables, a, b and O, where 1 -a and 1 -b are the size of a rectangular hole which is rotated by 8 with respect to x 1 coordinate as shown in Fig. 1 . 
e=l~e where d is an n • 1 displacement vector, a, b and 0 are the design vectors, P(a, b) = 0 is the material resource constraint, G 1 is an n • m location matrix for the control force and F is an n • 1 applied external force vector, f is an m • 1 control force vector, nel is total number of the finite elements, and f~e is the element design domain. The magnitudes of the matrices Q and R are assigned according to the relative importance of the state variables and the control force in the minimization procedure. By adjusting the relative values of Q and It, one can synthesize the control to achieve a proper trade off between these two objectives; L is a constraint for the actuator position specified at coordinate (xl,x2).
Using the displacement closed-loop feedback control we can assume
then the first equation of (2) becomes 
where K 2 = K + Gll~ -1 G{ is the modified stiffness matrix under the control effect. Problem (6) can be solved by the finite element method which is very similar to the standard problem Kd = f. The eigenvalues of K are called open-loop eigenvalues, the eigenvalues of K 2 are called the closed-loop eigenvalues. By introducing this feedback control, the control effect will modify the stiffness matrix so that the eigenvalues of the structure are shifted. The weighting matrix R is chosen as R = w/ (nfi wi~i)
where neig is the number of the critical eigenvalues considered in the weighting, W i is a weighting constant for each eigenvalue. Thus, the contribution from different eigenvalues can be adjusted by Wi, and the ratio of the control objective is regulated by w. During the iterations of optimization, the order of critical modes may change, and the lowest eigenvalue is not necessarily the dominant one. If we always use the eigenvalues of fixed order to estimate the stiffness of a structure, then we probably cannot obtain the good results that we expect. We thus use the modal energy to extract the critical modes in each iteration, and the stiffness of the structure can be estimated correctly.
3 Independent modal space control Without considering the structural inherent damping, the second-order modal dynamic equation for the i-th mode is written as ~i + Ni~li = r + F),
where rti is the generalized coordinate, Ai is the i-th eigenvalue and r the i-th normalized eigenvector. Assume r = Fi = -giHi -hiiTi,
then (8) becomes
where r i is the modal control force, A i = Ai + gi is the dosed-loop eigenvalue. If there are r controlled modes, we can write
where f is the physical control force, and r= r; '
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The control designer constructs the modal control forces according to the modal response, and transforms them into the physical control forces by (11). Instead of building the control based on the whole system, we develop the control for the critical modes. This is the key idea of IMSC.
